The quantitative analysis of shape parameters of components in cataclastic rocks is often complicated by the fact that the individual components are difficult to identify. Frequently, the components have the same mineralogical composition as the matrix and the size distribution of components and the resolution of the images make it difficult to discriminate between the individual fragments. This work investigates the differences of component shape analysis from processing pictures of cataclasites digitized by different persons. The approach undertaken herein assumes that the ambiguity of the forms is expressed in a diversity of component identification, respectively in different selection of the components. The extent of this diversity is quantified and analyzed as to how far statistical parameters reflect this ambiguity. Components in the samples may be more or less unambiguous with respect to the identification of particle shape parameters. The present study demonstrates that two parameters, the Aspect Ratio and the angularity (Elliptical Parisfactor) might be used in order to reflect this ambiguity in the component identification.
Introduction
In the analysis of cataclasites it is possible to infer from the geometric properties of components, the underlying deformation processes in the rocks. The quantification of these properties allows, for example, the ability to deduce the deformation mode (cracking vs. grinding respectively the intensity of strain) and the amount of deformation. Important properties for this purpose primarily include the grain size distribution and some rounding parameters of components in cataclasites. Blenkinsop [1] suggested the characterisation of the component sizes by * E-mail: Norbert.Kohlmayer@aon.at the so-called D-value (i.e. the fractal dimension). Stünitz et al. [2] showed that the additional use of shape parameters gives more information about deformation processes than the D-values alone. These shear experiments showed that with increasing displacement, the D-value only varies marginally, however shape parameters (e.g. rounding or angularity) change significantly. Storti et al. [3] concluded from the shape analysis that particle fragmentation takes place primarily within the early stages of fault evolution, however chipping and abrasion dominate cataclastic flow during advanced fault displacement. This subsequently leads to a reduction in the component angularity.
Storti and Balsamo [4] investigated the influence of different analytical methods on the component form. In such studies the component selection was usually derived from two-dimensional thin sections or SEM images. Two pri-mary methods were identified, including an automated identification and a manual selction method. The automated component identification method and the manual selection of components may be measured using appropriate software such as ImageJ. The manual processing method is particularly useful in the validation of the automated component identification methods, and is therefore considered as a measure of the suitability of automatic parameter acquisition. Heilbronner [5] described an automatic grain boundary detection method and compared the results with the manual and interactive grain boundary detection analyses, where the data from manual grain boundary maps was considered the true data set. Some studies also compare data which has been obtained manually and automatically. Gorsevskyi et al. [6] found relationships between the areas of both model derived and manually digitized grain polygons, with r 2 values from 0.5 to 0.72 in automated grain boundary detection by CASRG (constrained automated seeded region growing).
Choudhury et al. [7] found a correlation between hand drawn and CASRG method, with r = 0.74 to 0.99. The CASRG measurements were compared with those from hand drawn boundaries, which were used as gold standard. Although these automatic methods have significantly improved during the last decade, recent studies on this subject emphasized the ongoing requirement for hand tracing, particularly if the identification of particles require the experience in terms of genetic interpretation by the investigator [8] .
In the present study, the reliability of identifying manually traced particles is investigated. We emphasize that the work does not investigate exact component characteristics, but investigates the possibility of separating fragments which can be reliably and unreliably identified. The methodological approach was chosen so that the uniqueness of the components can be derived in respect of certain parameters from the processing of the same samples by different persons. This unambiguity can be quantified by the diversity of the standard deviation of the parameters produced by the people (compare Lienert and Raatz [9] ).
Two SEM/BSE images of cataclasites were analyzed by eight geologists and two non-geologists. The persons were asked to identify individual components (i.e. fragments) and digitize the contours using a graphics editing program.
All digitized pictures of the cataclasites were individually analysed by using the program ImageJ (rsbweb.nih.gov, [10] ). The derived grain shape parameters were statistically analyzed using the software package SPSS (www-01.ibm.com/software [11]). Components < 12 µm were excluded from the analysis because of artefacts and truncation errors [1] ). Subsequently, statistics of the shape parameters were calculated and compared between the samples digitized by the individual persons. This includes the presentation of the shape parameters per person in the original dimensions and in a transformed manner in which the parameters are comparable despite of their primary dimensions. Using a rank analysis of variance (Kruskal-Wallis test [12] ), it was tested whether the four shape parameters calculated from the data digitized by the persons were significantly different. The uniqueness of the shape parameters was quantified by the deviation from the mean of the parameters with respect to the persons. In a second analysis, the ambiguity of shape parameters characterizing selected individual components was quantified.
Sample description and personal characteristics
The investigated samples are cataclasites from Miocene low-angle normal faults on Kea (W-Cyclades, Greece). The fault system is part of the West Cycladic Detachment System, which exhumed the Cycladic Blueschist Unit which consists mainly of greenschists and marble. For a detailed description of the geology and the cataclasites see [13] , [14] and [15] . Two different SEM/BSE images ( Fig. 1 ) of the cataclasites were selected for the presented work: LAF is from the fault core and LAF-Clast is a reworked cataclastic clast within the fault core. The persons were only informed that the two images were from samples from different cataclastic faults. No further detailed instructions were given. In this work, it was anticipated that the interpretations of individuals would not be influenced by additional instructions, but it was the aim to incorporate a wide range of perception and background knowledge into the data. That withstanding, all geologists had a general experience in the microtectonic investigation of cataclastic rocks and fragmentation processes. The two non-geologists were instructed about the basic fragmentation processes of cataclastically deformed rocks.
The identification of the eight geologists and two nongeologists (indicated with * ) have been abbreviated as the following with al, ci, ev * , ge, he, ja, ka * , jo, be, kl. Figure 2 shows the number of the digitized components in each sample with respect to the different test person. Some of the test persons digitized a similar number of particles in both samples, whereas others persons identified clearly more components in one of the samples than in the other one.
Shape parameters
The following figures were generated from the identified components:
with a value of 1.0 indicating a perfect circle. As the value approaches 0.0, it indicates an increasingly elongated shape. Elliptical Parisfactor (EP): EP is the difference between the perimeter of a particle (P) and the perimeter of a best fit ellipse (P ) of the particle, divided by P .
(EP = (P−P )/P ).
The ellipse adjustment to the given component was made by the ImageJ software. ImageJ provides the data of the primary and secondary axis. This data is used to calculate the ellipse periphery with the approximation formula.
Where a and b are the values of the major and minor half-axes. The range of the possible values are listed in square brackets:
. After calculation of the particle shape parameters from the digitized components, the results are presented in boxplots, which compare the individual form parameters derived from the data of the test persons (Fig. 3 ). The different intervals on the ordinate reflect the different ranges of the form parameters. In addition to the boxplot which extends from the first to the third quartile (i.e. 25 th or 75 th percentile), the circles and the stars in figure 3 represent the extreme values, which are more than 1½ box lengths and 3 box lengths outside the box. The greatest differences between the results of the test persons are observed in the Elliptical Parisfactor. The box-plots in figure 3 show the diversity of the data produced by the persons. However, the shape parameters are difficult to compare because of their different dimensions. A transformation of the shape parameters in so-called Z-scores (see Bühl and Zöfel [16] ) has the advantage that the results can be better compared in spite of the different scales.
The measured values are converted from x to z by:
Where x are the measured values, X is the mean value and s is the standard deviation. The deviations of the measured values x from the mean value X are normalized by the standard deviations. The Z-value itself has a mean of zero and a standard deviation of one. Therefore each individual Z-value of the Zdistribution can be easily compared with other Z-values. All measured shape parameters were normalized using equation 2 and are plotted for the individual persons in figure 4 . For the further analysis the particle sizes were quantified by the equivalent diameter EquiD:
where A is the area of the particle. 
Component Analysis

Component Analysis grouped by persons
In an additional analysis, the particle sizes were separated into three classes (refer to Figure 5 ). This analysis showed whether different sized components were processed differently. This classification was used as the most common component sizes should be examined separately from the larger component sizes. For comparison, a fourclass solution (separated by logEquiD) was added as a supplement to Appendix A, with the results demonstrating that the differences are marginal. Table 1 lists the number of digitized components within sample LAF and LAFClast, and grain size classes with respect to the individual persons. The proportion of components with a grain-size <48 µ is classified as the largest. The proportion in the class greater than one standard deviation is the smallest. The Kruskal Wallis test indicates the extent to which differences in the parameters can be explained by the related persons by pure chance. It should be noted that the Kruskal Wallis test has minimal data requirements, for instance no normal distribution is required (Köhler et al. [12] ). With the exception of AR (p = 0.436 or 0.058; p = the probability of a random result), the digitizing of components of the individual persons differ significantly. This means that the probabilities for a random result for Circularity, Solidity and Elliptical Parisfactor are 0.000 (see table 2 , row Asymp. Sig). Figure 6 highlights the relationship between the normalized ratios of the particle form parameters, the samples and the grain size classes. In addition, the diversity between individual test persons can be identified. As a result, the individual characteristics of the people in the assessment of the components is demonstrated by the lines in Figure 6 (e.g. nearly parallel or more divergent). The unambiguousness of the components for the relevant variable can be seen in the presentation of the standard deviations of the mean values of the results from the test persons (Tab. 3 and Fig. 7 ). The degree of ambiguity is represented by the height of the bars; with short bars indicating relatively similar identification of the shapes of the components. Interestingly, the ambiguity increases with the grain size for Circularity and Elliptical Parisfactor, but decreases for Solidity. The ambiguity of the Aspect Ratio is relatively independent to the investigated grain size class.
Analysis of the different editing of individual components
In order to analyse which components are unambiguous and which are ambiguous, only those components which were identified by nearly all persons were included in the following analysis. The graph in Appendix B shows the different components selection. A total of 47 particles in sample LAF and 28 particles in sample LAF-Clast were selected, which have been digitized by the nine persons. Although the number of considered particles is significantly reduced, the line charts (Fig. 8) do not differ notably from the line charts in which all the components were considered (compare Fig. 6 ). For each component nine measurements were available (the data of nine persons,) and from each component a mean and standard deviation was calculated. Components which showed a low standard deviation could be seen as unambiguous, as all particle tracings were nearly equal. However, components with a high standard deviation were interpreted in very different ways.
The clustering of the components according to the unambiguousness of their particle parameters were investigated. Elliptical Parisfactor and the Circularity showed a high correlation, which implies that both parameters quantify similar characteristics of the particle unambiguity. The Solidity correlates with the other variables in the middle range. AR shows a poor correlationwith the other variables, which demonstrates that the unambiguity of AR is essentially independent of the other variables (see Table 4 and Fig 9) . The Pearson correlation in Fig 9 and Table 4 is a measure of the linear relationship. It can take values from -1 to +1. Whereas -1 iindicates a strong negative correlation, values near 0 indicate there is no correlation and +1 indicates a strong positive correlation. [12] . The value 0.92 in Table 4 and Fig. 9 therefore indicates a high positive correlation. That is, if components are unambiguous vs. ambiguous in term of Circularity, they have the same characteristics in terms of Elliptical Parisfac- tor. In contrast, the correlation between AR and Elliptical Parisfactor is demonstrated by a low value of 0.23.
In the following, the components are grouped according to the different variables (which correlate with the lowest value). This gives information about the groups of components rather than just the individual components. The variables AR and Elliptical Parisfactor are the most suitable variables to cluster the similarity of components with regards to their unambiguity. The plot of the standard deviation of AR with the standard deviation of Elliptical Parisfactor shows the position of the components in the two dim field AR vs. Elliptical Parisfactor. Furthermore, it shows that there are components which have a low SD in both AR and Elliptical Parisfactor, and there are components which have a high SD only in AR or in Elliptical Parisfactor, but not in both AR and Elliptical Parisfactor. Therefore, it is useful to group the components in three clusters ( Fig. 10 and 11 ).
Components with standard deviations less than 0.5 with respect to AR and Elliptical Parisfactor were traced by the persons in a similar (or nearly identical way), which implies that these components can be described as non-ambiguous with respect to their outline. Components with standard deviations of more than 0.5 have a low unambiguity. The combination of high AR-sd and a high elliptical Parisfaktor-sd rarely occurs. The choice of 0.5 standard deviation as the limit between ambiguous and non-ambiguous particle shapes therefore results from the interpretation of the charts. The SPSS cluster analysis (see Appendix C Dendrogramm) gives similar groupings, but the SPSS proposed separate grouping of the extreme values. We decided these extreme values are combined with their neighbouring groups. The result is presented in Fig. 10 and Fig 11 [16] . In the samples, the following clusters can be discriminated:
Cluster 1: Non-ambiguous components regarding AR and Elliptical Parisfactor. The components are clearly distinguishable from the matrix, show low angularity and no fracturing of the particles. Locally, cracks which are sites of potential splitting can be observed.
Cluster 2: Ambiguous components regarding the Aspect Ratio. These components show the characteristics of dilation breccias [17] , where the particles are fractured and separated by mode I fractures but the shape of the original grain can be still recognized. Either the parent component or the newly fractures part could be identified as individual particle.
Cluster 3: Ambiguous components regarding the Elliptical Parisfactor. These components have highly irregular edges. The exact outline separating the particles from the matrix is partly unclear. Larger components are surrounded by numerous components, which are orders of magnitude smaller in size, which may have been derived by several processes like spalling, grinding or aggregation (e.g. [18, 19] ). 
Discussion
Based on the approach that the scattering of particle parameters between the persons can serve as a measure of the unambiguity of the components, the standard deviations of the edited components from different people regarding Circularity, AR, Solidity and Elliptical Parisfactor of the two samples was analyzed. It was found that cataclastic components in terms of two dimensions may be ambiguous or unambiguous.
The term 'dimension' in the following discussion is used as in the social sciences where human characteristics are described in conceptual model-dimensional feature spaces. This model is also suitable for representing the component properties in this work because the properties have a variation in levels and are more or less independent. In the first dimension, the angularity is preferred influenced by smaller component aggregates surrounding the bigger components, which make a clear separation from the matrix difficult. Angularity is influenced by different handling of the small edges or the indentations.
The second dimension, which is independent from the first dimension, there are concerns regarding the splitting of the components, which can be more or less advanced and therefore interpreted differently by the persons. These values show a low ambiguity in contrast to the dimension of angularity, especially in the analysis where all the components were analyzed.
One reason for this is that the change in ARis is strongly dependent on a change in the width or the length of a component. However, a change in the variables Angularity or Circularity have no direct influence on the AR. For instance, a star and a sphere have equal AR but have different Circularity or Elliptical Parisfactor. In the inves- The comparison of the data of two natural samples of cataclasites traced by the persons suggests that the nonambiguity of the shape of the components increases with the degree of deformation. The two dimensions can also be interpreted as the two processes cracking and grinding which act differently on these scales. Based on these results, it seems to be useful in future studies to separate the components with regard to the two dimensions and perform the analysis separately for each group.
One of the most interesting results of this work is that the statistical analysis with respect to all digitized components give nearly identical results to those analyses where only certain components have been considered and which have been identified by nearly all persons. From an economic perspective, the careful identification of a few representative components could be sufficient to determine correlations and differences between particle shape parameters in different samples.
Furthermore, it can be concluded that the differences between the results derived from the different persons are not based on the different selection of components, but are in fact the result of how the individual components were interpreted (e.g. fractured but single component versus fractured component into multiple particles).
Conclusions
One of the major results of this work is that components in the samples may be more or less unambiguous with respect to the identification of particle shape parameters. The results clearly show that it is possible to identify characteristics of the components based on which the sam- ples that are unambiguously different. These differences should be quantified. Furthermore, a connection between unambiguity and the size of components was observed. In addition, the degree of uniqueness is determined for individual components and these components were grouped according to three classes of ambiguity.
The analysis was performed in two steps: in the first step, all persons and all traced components were analysed and the scatter of the ratios Circularity, AR, Solidity and Ellip- tical Parisfactor were determined. The unambiguity of the variables Circularity and Elliptical Parisfactor decreased with increasing component size (i.e. small components are less ambiguous than larger ones). Regarding the variable Solidity, a reverse trend was given as the larger components show more unambiguity than the smaller components. The ratio AR showed the least ambiguity and there was no trend with respect to the component size. In a second step only a part of the components was taken into account, namely those components which have been traced by most persons. In this way, the unambiguity of these components could be directly determined. These components were grouped due to their similarity in the correlation between the variables AR and Elliptical Parisfactor. This resulted in a grouping of components according to three criteria: (i) components that are generally unambiguous, (ii) components that are ambiguous with respect to the length/width ratio, and (iii) components which are ambiguous in terms of their Elliptical Parisfactor.
